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Summary
In vertebrates, midline-derived sonic hedgehog and
nodal are crucial for the initial proximal-distal pattern-
ing of the eye. The establishment of the distal optic
stalk is in turn a prerequisite to initiate retinogenesis.
However, the signal that activates this process is un-
known. Here, we demonstrate that in both chick and
fish, the initiation of retinal differentiation is triggered
by a species-specific localized Fgf signaling center
that acts as mediator of the midline signals. The con-
certed activity of Fgf8 and Fgf3 is both necessary and
sufficient to coordinate retinal differentiation inde-
pendent of the connecting optic stalk.
Introduction
The seven major cell types of the vertebrate retina dif-
ferentiate from a set of progenitor cells. Differentiation
of progenitor cells is initiated by an unknown trigger
and follows, under the influence of intrinsic and extrin-
sic cues, a stereotypic sequence that is conserved
among species (Cepko, 1999). Retinal ganglion cells
(RGCs) are the first retinal neurons to be born in all ver-
tebrates analyzed. The progression of RGC differentia-
tion from the central to the peripheral retina is a well-
described common feature of vertebrate retinae, in-
cluding those of chick (McCabe et al., 1999; Prada et
al., 1991), mouse (Young, 1985), and zebrafish (Hu and
Easter, 1999; Laessing and Stuermer, 1996).
In analogy to Drosophila, in which photoreceptor dif-
ferentiation depends on hedgehog (hh) (Dominguez and
Hafen, 1997; Kumar and Moses, 2001; Ma et al., 1993),
sonic hedgehog has been implicated in the propagation
of retinal differentiation in vertebrates (Neumann and*Correspondence: bovolenta@cajal.csic.es (P.B.); wittbrodt@embl.de
(J.W.)
4These authors contributed equally to this work.Nüsslein-Volhard, 2000; Zhang and Yang, 2001). In con-
trast to Drosophila, in which hh controls both initiation
and propagation of retina differentiation (Dominguez
and Hafen, 1997), the initiation of this process is inde-
pendent of hedgehog signaling in vertebrates (Neu-
mann, 2001; Neumann and Nüsslein-Volhard, 2000) and
the molecular nature of the triggering signal is un-
known. In mutants lacking hedgehog or under condi-
tions in which the hedgehog pathway is blocked, RGC
differentiation is still initiated in the proximity of the op-
tic stalk in zebrafish. In contrast, RGC differentiation is
not triggered when the optic stalk is removed experi-
mentally or genetically (Masai et al., 2000). In one-eyed
pinhead (oep) mutant embryos, in which the optic stalk
does not form due to the absence of nodal signaling,
RGC differentiation does not begin (Masai et al., 2000).
These data hint at a midline-dependent signaling cen-
ter in fish located in the distal optic stalk, which
secretes an unknown factor responsible for the initia-
tion of retinal differentiation.
Members of the fibroblast growth factor family are
secreted from signaling centers, and they control the de-
velopment of the met-mesencephalic boundary, teeth,
and limbs, among other organs (Crossley and Martin,
1995; Martin, 1998). Several members of the Fgf family
are expressed in the developing vertebrate eye and func-
tion in optic vesicle patterning (Guillemot and Cepko,
1992; Hyer et al., 1998), lens formation (Le and Musil,
2001; McAvoy et al., 1999), and neuronal differentiation
(Guillemot and Cepko, 1992; McCabe et al., 1999; Pit-
tack et al., 1997). During early eye formation, several
Fgfs, including Fgf8 and Fgf17, are present in the optic
stalk of different vertebrate species (Crossley and Mar-
tin, 1995; Herzog et al., 2004; Reifers et al., 2000; Vogel-
Hopker et al., 2000; Walshe and Mason, 2003).
Here, we establish a role for Fgf signaling in the initia-
tion of RGC differentiation. Using chick and zebrafish
embryos, we demonstrate that there is a common mo-
lecular mechanism underlying this process. In both
species, ectopic Fgf8 triggers retinal progenitor cells to
undergo terminal mitosis and enter RGC differentiation.
Conversely, when Fgf signaling is blocked by treatment
with the Fgf-receptor inhibitor SU5402, neurogenesis is
prevented. The complete lack of neuronal differentia-
tion in the retina of the zebrafish embryos mutant for
both Fgf3/lia (Herzog et al., 2004) and Fgf8/acerebellar
(Reifers et al., 1998) underscores the crucial role for Fgf
signaling in the initiation of retinal differentiation.
Results
Fgfs Trigger the Wave of RGC Differentiation
in the Retina of the Chick Embryo
Several members of the FGF family are expressed in
the developing vertebrate retina and function in retinal
patterning. Fgf8 has a conserved expression in the op-
tic stalk of the developing eye of all vertebrates. In
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566chick embryos, Fgf8 is additionally expressed in a re- t
stricted domain of the central neural retina (Vogel- h
Hopker et al., 2000). Fgf3 is also expressed in the early e
neural retina (Figures 1A and 1B), where its expression t
overlaps with Fgf8 (Figures 1C and 1D). As RGC differ- r
entiation starts in this central region (Prada et al., 1991), e
we asked whether Fgfs plays a role in the initiation of A
this process. We compared the onset of Fgf8 expres- i
sion and the initial burst of neuronal differentiation. Em- e
bryos, hybridized in toto with an Fgf8-specific probe, u
were sectioned, and the presence of differentiated (
RGCs was determined by labeling with Tuj1 antibodies i
directed against β-tubulin, an early neuronal marker ex- p
pressed shortly after terminal mitosis. At stage 15, prior b
to the onset of RGC differentiation, Fgf8 was already (
detected in the central retina (Figure 1E). Later, at stage (
18, the earliest retinal neurons appeared within this R
central patch of Fgf8 expression (Figures 1F and 1G). u
Thus, both retinal Fgf8 and Fgf3 expression first pre- 2
cede and later overlap with the initial site of neuronal (
differentiation. s
To address whether Fgfs play a functional role in the t
differentiation of RGCs, we cocultured Fgf8-coated b
heparin beads and dorsal retinal explants from stage- o
17 embryos embedded in a collagen matrix. After 36 w
hr in culture, we determined the number of RGCs and
s
dividing cells by counting islet-1 (a marker for ter-
2
minally differentiated RGCs)- and phosphorylated his-
r
tone-H3 (cells in mitosis)-positive nuclei, respectively.
eIn the newly explanted tissue, very few differentiated
tRGCs were detected (t = 0) (Figure 1K). After 36 hr of
dculture, we observed an increased number of RGCs in
the control explants (Figures 1H and 1K), revealing a
tissue-intrinsic capacity to differentiate neurons. Expo-
Fsure to Fgf8 led to a duplication of the number of RGCs
iwhen compared to the controls (Figures 1I and 1K). This
Ioccurred without significant differences in the amount
iof proliferating cells (Figure 1L). To further corroborate
vthe role of Fgf signaling in retinogenesis, we performed
tloss-of-function experiments, which prevent the initia-
vtion of retinal differentiation. The application of beads
nsoaked in the Fgf receptor inhibitor SU5402 (Moham-
pmadi et al., 1997) largely reduced the number of dif-
qferentiated RGCs (Figures 1J and 1K). In all experimen-
ttal conditions, changes occurred without affecting cell
osurvival, as assessed by propidium iodide staining to
odetect cell death (Figure S1; see the Supplemental Data
iavailable with this article online). These data demon-
istrate the role of Fgf8 in controlling neuronal differentia-
stion in a system in which the neural retina has been
fisolated from the influence of other surrounding tissues
s(lens, optic stalk, pigmented epithelium, and mes-
benchyme).
eBoth expression analysis and explant experiments
Tsuggest a role for Fgf8 in the initiation of differentiation
eof RGCs in chick embryos. To validate this activity in
avivo, we implanted Fgf8-soaked heparin beads in close
vvicinity to the peripheral retina and into the ventrotem-
tporal head mesenchyme adjacent to the optic vesicle
mrudiments at stages 12–13. After incubation for an addi-
itional 24–36 hr (stages 20–22), the differentiating and
ddifferentiated RGCs were visualized by β-tubulin and
Cath5 or islet-1 expression, respectively (Figure 2). Ver- vebrate Ath5 homologs (e.g., chicken Cath5) are basic
elix loop helix (bHLH) transcription factors expressed
arly in the cascade of retinal ganglion cell differentia-
ion. At stage 20, the first patch of differentiating neu-
ons is detected in the central retina, as revealed by the
xpression of β-tubulin and Cath5 (Figures 2A and 2B).
n Fgf8-soaked bead implanted into the peripheral ret-
na induces the ectopic expression of those early mark-
rs in close proximity to the bead (arrowheads in Fig-
res 2C and 2D). At slightly later developmental stages
stage 22), the first differentiated RGCs were detected
n control retinae as a single central patch of islet-1-
ositive cells, whereas Otx2 expression labeled the cu-
oidal cells of the retinal pigmented epithelium (RPE)
Figures 2G and 2H). In all of the embryos examined
n = 8), the application of Fgf8 forced the presumptive
PE to develop as a second inverted neural retina (Fig-
re 2H), as previously reported (Vogel-Hopker et al.,
000). Noticeably, in the majority of the cases examined
8 out of 10), Fgf8-soaked beads ectopically induced a
econd patch of differentiating RGCs in the neuroepi-
helium adjacent to the site of implantation, as revealed
y the presence of islet-1-positive cells in the proximity
f the bead (Figure 2H). Conversely, when Fgf signaling
as locally blocked by the implantation of SU5402-
oaked beads, the expression of both β-tubulin (Figure
E) and Cath5 (Figure 2F) was abolished or severely
educed in the central retina, where both markers are
xpressed endogenously (Figures 2A and 2B). This es-
ablishes a role for Fgf8 in directly triggering neuronal
ifferentiation in the chick retina.
gf Signaling Rescues Retina Differentiation
n oep Embryos
n the zebrafish mutant oep, nodal signaling is severely
mpaired, causing various midline defects, including se-
ere cyclopia (Schier et al., 1997; Strahle et al., 1997). In
he retina of oep mutant embryos, retinal differentiation
isualized by ath5 expression is not initiated, and lami-
ation does not occur. This is due to the lack of the
rechordal plate, which, directly or indirectly, is re-
uired for the specification of the signaling center in
he distal optic stalk and subsequently for the initiation
f retinal neurogenesis (Masai et al., 2000). On the basis
f the results in chick embryos, we tested whether Fgf8
s sufficient to rescue proper retinal differentiation by
mplanting Fgf8-soaked beads into the mesenchyme
urrounding the eye of oep embryos at 23 hours post-
ertilization (hpf). After 13 hr of incubation, ath5 expres-
ion was rescued by Fgf8 bead implantation as revealed
y in situ hybridization at 36 hpf (Figures 3A–3D; 16/19
mbryos versus 0/15 BSA bead-implanted embryos).
o address whether Fgf signaling acts indirectly on ath5
xpression by initiating optic stalk specification, we an-
lyzed the expression of the optic stalk markers vax1,
ax2, and pax2 in oep-implanted embryos. In none of
he cases could we find any induction of optic stalk
arkers by Fgf-soaked beads (data not shown); lack of
nduction consistently argues for Fgf signaling to act
irectly on the initiation of neural differentiation. To in-
estigate if other members of the bHLH gene differenti-
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(A–D) During development both Fgf3 (stage 16, [A], and arrow in [B]) and Fgf8 (stage 17, [D], and arrow in [C]) are expressed in the central
retina.
(E–G) In double-staining experiments, Fgf8 expression (blue in [E], [F], and [G]) and β-tubulin (Tuj1) immunoreactivity (brown in [E], [F], and
[G]) were examined shortly (stage15, [E]) before and (stage 18, [F] and [G]) after the onset of neuronal differentiation. Fgf8 expression (E)
precedes and later (F and G) overlaps with the initial burst of neurogenesis (arrowheads in [F] and [G]).
(H–J) The influence of Fgf signaling on RGC differentiation was analyzed quantitatively in vitro by coculturing retinal explants with heparin
beads soaked in (H) PBS, (I) Fgf8, and (J) SU5402.
(K and L) The number of islet-1-positive RGCs and phosphohistone-H3 (Ph-H3)-positive mitotic cells was determined by double immunohisto-
chemistry. (L) Quantitative analysis from different (number indicated in brackets on each bar) experiments demonstrates that Fgf8 and SU5402
do not significantly modify the proliferation rate (Ph-H3-positive nuclei) in the explants. Note instead the dramatic effect on RGC differentiation
(islet-1-positive nuclei; [K]).
ls, lens; nr, neural retina; os, optic stalk; rpe, retinal pigmented epithelium.
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(A–H) (A, B, and G) Control, (C, D, and H) FGF8, and (E and F) SU5402 bead-implanted embryos were sectioned and stained for (A, C, and E)
β-tubulin, (B, D, and F) ath5, (G and H) islet-1, and Otx2 (red, labeled with an asterisk in [G] and [H]). Note that in the peripheral retina both
β-tubulin and Cath5 are induced in proximity to the implanted Fgf8 bead (arrowheads in [C] and [D]). (E and F) SU5402-soaked beads inhibit
neuronal differentiation. Inhibition occurs even at long range; the SU5402-soaked bead implanted is not visible within the photographed field.
When beads are implanted into the periocular mesenchyme close to the RPE, Fgf8 induces an additional center of neurogenesis (arrowheads
in [H]). d, diencephalon; pr, peripheral retinal.ation pathway are similarly affected, we analyzed the t
Texpression of the zebrafish hairy1 homolog her9. The
bHLH transcription factor her9 is expressed in neural E
progenitors, including retinal progenitor cells (Figure
4A), prior to terminal differentiation (Leve et al., 2001) a
iand is not transcribed in oep embryos lacking midline
signaling (Figure 4D). Its expression is rescued by Fgf8 I
abead implantation (Figure 4G), suggesting that Fgf acts
high up in the bHLH gene differentiation pathway. To t
mfurther address whether neuronal differentiation was
also rescued in Fgf8 bead-implanted retinae, we ana- s
wlyzed the expression of the neuronal marker Zn5 at 48
hpf, when Zn5 is normally expressed by postmitotic b
aneurons in the RGC layer (Trevarrow et al., 1990). Zn5
expression is absent in control bead-implanted oep b
uembryos (Figure 3E). In contrast, implantation of Fgf8
beads is followed by a robust Zn5 expression in the F
iregion corresponding to the RGC layer (Figure 3F).
It was previously demonstrated in zebrafish that the
Ras-map kinase pathway is activated during retinal dif- L
Dferentiation (Neumann and Nüsslein-Volhard, 2000). We
therefore analyzed whether this pathway is also res- W
ccued by Fgf bead implantation and found that in oep
embryos implanted with Fgf8 beads the activation of a
rthe Ras signaling pathway is rescued, as indicated byhe dp-ERK signal in the retina (Figures 3G and 3H).
his argues for Fgfs acting through the classical Fgfr/
RK pathway.
To investigate whether Fgf not only initiates neuron-
l differentiation in oep embryos, but also facilitates
ts propagation, we investigated the expression of shh.
n wild-type retinae, shh is expressed in RGCs and
macrine cells and is required for proper retinal pat-
erning (Neumann and Nüsslein-Volhard, 2000; Shku-
atava et al., 2004). At 42 hpf, we detected a strong
hh expression in wild-type retinae (Figures 4B and 4C),
hile no expression was observed in oep control em-
ryos implanted with BSA-soaked beads (Figures 4E
nd 4F). In contrast, oep embryos implanted with Fgf8
eads show a spread shh expression in the retina (Fig-
res 4H and 4I). In conclusion, our data indicate that
gf signaling is sufficient to trigger retinal differentiation
n the absence of fate specification of the optic stalk.
oss of Fgf Signaling Impairs Retinal
ifferentiation in Zebrafish
e addressed whether Fgf signaling was not only suffi-
ient but also necessary for retinal differentiation in vivo
nd blocked Fgf signaling. In the zebrafish retina, neu-
onal differentiation spreads from a ventronasal position,
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(A–H) (A and B) Frontal views and (C–H) coronal sections of oep
embryos after (A–D) ath5 whole mount in situ staining, (E and F)
Zn5, or (G and H) dp-ERK antibody staining at 28, 42, and 36 hpf,
respectively. No ath5 expression is detected after implantations of
BSA-soaked control beads ([A] and [C], 12 out of 12 embryos). In
contrast, ath5 expression was rescued upon implantation of Fgf8-
soaked beads ([B] and [D], 9 out of 11 embryos). Similarly, the RGC
marker Zn5 was detected in embryos implanted with (F) Fgf8
beads, but not in those that received (E) control beads. (G and H)
Dp-ERK staining was also absent in control embryos and was res-
cued by Fgf8 bead implantation. Dashed lines demarcate the pos-
terior edge of the neuroretina. Rgc, retinal ganglion cells.where the formation of the first patch of postmitotic neu-
rons occurs (Hu and Easter, 1999). The initiation of this
differentiation, as visualized by the expression of ath5,
depends on inductive signals emanating from the optic
stalk (Masai et al., 2000). Exposure of the embryos to
the Fgf signaling inhibitor SU5402 blocks the initiation
of ath5 expression (Figures 5A and 5B). During normal
development, ath5 transcripts are first detected in the
zebrafish retina (15 out of 15 control embryos) at 25 hpf
in a small group of cells in the ventronasal position. In
contrast, when embryos are exposed to SU5402 from
23 hpf to 28 hpf, no ath5 expression was detected at
28 hpf (17/18 treated embryos) (see also Figure S2). To
exclude the possibility that blocking Fgf signaling influ-
ences the proper development of the optic stalk at
these stages (28 hpf), we examined the expression ofoptic stalk and ventral retina markers in these embryos.
The expression of pax2 (Figures 5C and 5D), vax1 (Fig-
ures 5E and 5F), and vax2 (Figures 5G and 5H) was not
affected by treatment with SU5402, indicating a normal
proximodistal patterning of the ocular structures. There-
fore, we concluded that when Fgf signaling is antago-
nized at these stages ath5 expression is not initiated.
This happens without affecting optic stalk formation,
and, thus, Fgf signaling is indeed necessary for the initi-
ation of retinal differentiation.
To identify which Fgf is responsible for the initiation
of the differentiation wave in the zebrafish retina, we
focused on Fgfs expressed in the optic stalk and ana-
lyzed ath5 expression in the respective mutants. No
significant reduction or delay was observed in Fgf3/lia
or Fgf8/acerebellar (ace) mutant embryos (Figure S3).
This is consistent with the normal retinal development
reported in these two mutants (Herzog et al., 2004;
Shanmugalingam et al., 2000). Importantly the loss of
Fgf8 does not lead to an upregulation of Fgf3 and vice
versa (Figure S2). However, when both genes are mu-
tated in Fgf3/Fgf8 double mutants, no ath5 expression
was detected at any developmental stage analyzed (25,
28, and 32 hpf, Figure 6). This indicates that these two
genes cooperate in initiating neuronal differentiation in
the retina. In agreement with our data (Figure 5), and as
previously reported (Take-uchi et al., 2003), the pres-
ence of the optic stalk markers vax1 and pax2 in the
double mutants (data not shown) excludes a direct in-
volvement of Fgf signaling in the specification of the
distal optic stalk. Taken together, these results demon-
strate that Fgf signaling is the inductive signal emanat-
ing from the optic stalk necessary and sufficient to initi-
ate retinal differentiation.
Discussion
Here, we show in two vertebrate systems that Fgf sig-
naling is both necessary and sufficient to initiate retinal
differentiation. While it had been known that midline
signaling and the optic stalk are required for this pro-
cess, the molecular nature of the signaling center had
remained obscure. Our results indicate that Fgf-secret-
ing cells act as an organizing center from which neu-
ronal differentiation is coordinated in the developing
eye (see Figure 7). Our data are in agreement with the
previous proposal that the optic stalk is the source of
signals inducing RGC differentiation and that its re-
moval impairs the initiation of differentiation (Masai et
al., 2000). Proximodistal patterning of the eye field and
optic stalk specification depend on Fgf signaling itself
(Carl and Wittbrodt, 1999; Shanmugalingam et al., 2000;
Take-uchi et al., 2003). Thus, initiation of neuronal dif-
ferentiation could either depend directly on Fgf signal-
ing or could be indirectly mediated trough an unknown
factor secreted from the optic stalk organizer. Our data
clearly indicate that it is the activity of Fgf that (also in
the absence of optic stalk induction) triggers the retinal
progenitor cells to enter terminal mitosis and undergo
retinal differentiation. In both chick and zebrafish, neu-
rogenesis and differentiation are initiated in the vicinity
of the implanted Fgf beads, even under conditions in
which the optic stalk has never formed. Thus, Fgf
Developmental Cell
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sion in the oep Retina
(A–I) Lateral views of (A) wild-type and (D
and G) oep mutant embryos at 32 hpf. (A)
her9 is normally expressed in the neuronal
progenitors located in the most peripheral
part of the ciliary marginal zone, close to the
lens. Its expression is absent in oep mutants
implanted with control beads (d, 0 out of 9),
but is rescued following Fgf8 bead implanta-
tion ([G], 9 out of 10). Frontal sections of 42
hpf (B and C) wild-type and (E, F, H, and I)
oep mutants after (B, E, and H) shh whole-
mount in situ hybridization and (C, F, and I)
DAPI counterstaining. shh is expressed in
the most central part of the neural retina in a
subpopulation of cells in the retinal ganglion
cell and inner nuclear layers (arrowheads in
[B]). This expression is absent in (E) oep con-
trol implanted embryos, but is rescued when
(H) Fgf8 beads are implanted. (B and H)
White arrowheads indicate the front of shh
expression. (G) Black arrowheads indicate
the rescue of her9 expression in the periph-
eral retina of oep embryos.secreted from this local organizer triggers the differenti- g
lation of the RGCs and, in turn, acts as the patterning
center that is crucial for the coordinated differentiation a
tof the entire retina.
The different positions of the organizing center found a
Hin different vertebrate species are likely due to species-
specific adaptations. In zebrafish, similar to chick, an p
aearly Fgf8 expression domain in the central retina has
been reported (Reifers et al., 1998; Walshe and Mason, o
22003). This weak, early expression, detectable at 20
hpf, is transient and vanishes before the retinal progeni- a
ator cells are competent enough to respond at the onset
of neurogenesis. In chick embryos, conversely, Fgf8 is s
iinitially expressed strongly in the optic stalk at stage 15
and is later downregulated distally, prior to the onset of t
qneurogenesis (data not shown). This specific downreg-
ulation of Fgf8 in both the central retina of zebrafish s
iand the distal optic stalk of chick ensures the initiation
of retinal differentiation from a single center. Although i
csome subtle differences in the regulation of the pro-
moter certainly exist, the Fgf8 expression profile is n
olargely conserved among vertebrates. These minor dif-
ferences explain how the central Fgf8 domain is active F
sin chick embryos during neuronal differentiation (thus,
coordinating differentiation from a central position), e
cwhereas it is repressed in the retina of zebrafish and
vice versa. r
tThe cooperative activity of Fgf family members with
overlapping expression domains seems to be a com- i
mon theme for patterning in different regions of the ner-
vous system. The sequential action of Fgf8 and Fgf17 g
kduring the development of the midbrain-hindbrain or-anizer illustrates this concept (Reifers et al., 2000). At
east three different Fgf family members, Fgf3, Fgf8,
nd Fgf17, have been identified during development in
he optic stalk of several vertebrate models (Crossley
nd Martin, 1995; Reifers et al., 1998, 2000; Vogel-
opker et al., 2000; Walshe and Mason, 2003). A mor-
holino knockdown approach had indicated that Fgf8
nd Fgf3 cooperate in the patterning and neurogenesis
f the hindbrain (Maves et al., 2002; Walshe et al.,
002), otic placode (Leger and Brand, 2002; Maroon et
l., 2002; Phillips et al., 2001), and forebrain (Walshe
nd Mason, 2003). In line with these data, our results
how that, though Fgf8 application is itself sufficient to
nitiate retinal differentiation, the simultaneous inactiva-
ion of Fgf8 and Fgf3 (in ace/lia double mutants) is re-
uired to block it completely, thus yielding similar re-
ults to those obtained after the pharmacological
nactivation of Fgf signaling with SU5402. The fact that
n the double mutant neuronal differentiation is blocked
learly argues against a redundant function of a so far
ot-identified paralog. Also, in the genomic sequence
f zebrafish and other teleosts, no paralogs of Fgf3 or
gf8 are detectable. In the chick embryo, we demon-
trate that, similar to the situation in fish, Fgf3 and Fgf8
xpression overlap temporally and spatially in the
entral retina (Figure 1) and that at least another Fgf8-
elated factor, Fgf18, is expressed there earlier during
he initiation of neurogenesis (Ohuchi et al., 2000), hint-
ng at a cooperative activity also in this species.
The block of neuronal differentiation by SU5402 ar-
ues for the involvement of classical Fgf tyrosine-
inase receptors in the initiation of retinal differentia-
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571Figure 5. Blocking Fgf Signaling Prevents the Initiation of Retina
Differentiation
(A–H) (A and B) Lateral and (C–H) dorsal views of zebrafish embryos
treated for 5 hours (23–28 hpf) with the (B, D, F, and H) Fgf signaling
inhibitor SU5402 or (A, C, E, and G) mock solution. (A and B) In
contrast to the control embryos, ath5 expression is absent in
SU5402-treated embryos. Other genes expressed in the optic stalk
(pax2, vax1, and vax2) were not affected by SU5402 treatment
(compare [D], [F], and [H] to [C], [E], and [G], respectively). MHB,
midbrain-hindbrain boundary; poa, pre-optic area.tion. Classical Fgf signaling, activated by Fgf1, but not
Fgf8, has also been implicated in the progression of
the differentiation front within the retina (McCabe et al.,
1999). This indicates that Fgf signaling not only initiates
retinal differentiation, but also participates in the pro-
gression of differentiation, a function also proposed for
hedgehog signaling (Neumann and Nüsslein-Volhard,
2000; Zhang and Yang, 2001). Our data show that Fgf8
restores shh expression in the retina of the oep mutant
embryos. Intriguingly, distal retinal explants in chick
that have never been in contact with FGFs show an
intrinsic property to eventually generate neurons when
isolated from the surrounding tissue (Figure 1H; Figure
S4). Along the same line, we observed a central-periph-
eral gradient in the response to an ectopic Fgf source,
where the peripheral regions exhibit a reduced compe-
tence. In addition, in about half of the treated embryos,
long-term inhibition of Fgf signaling in zebrafish
strongly reduces, but does not completely abolish, the
differentiation of RGCs (Figure S2). These observations
are best explained by an intrinsic differentiation pro-
gram already established in retinal progenitor cells. The
role of Fgf in this scenario is to set an unambiguousFigure 6. Fgf3 and Fgf8 Cooperate in Initiating Retina Differentiation
(A–F) Lateral views of (B, D, and F) Fgf3 and Fgf8 double mutant
embryos and (A, C, and E) wild-type siblings at 25 hpf, 28 hpf, and
32 hpf hybridized with an ath5-specific probe. In contrast to wild-
type, ath5 transcripts are absent in mutant embryos (compare [B],
[D], and [F] to [A], [C], and [E], respectively). Dashed lines demar-
cate the outlining of the eye.Figure 7. Fgf Signaling Determines the Origin of Neurogenesis in
the Vertebrate Retina
The schematic model summarizes the main conclusions of this
study. Fgfs released by species-specific organizing centers initiate
RGC differentiation. Later in development, RGC (ath5) differentia-
tion progress through the neural retina.
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572torganizing center, from which the order arises, a pre-
Nrequisite for the proper establishment of a stereotyped
bneuronal array in the retina.
(
PExperimental Procedures
P
(Chick Embryos and Fish Stock

Fertilized White Leghorn eggs were incubated at 38°C in an atmo-
b
sphere of 70% humidity. Embryos were staged according to Ham-
w
burger and Hamilton (1992).
c
Wild-type zebrafish (Danio rerio) from the AB strain were main-
p
tained, bred, and staged according to Westerfield, 2000. Oep
2
(m134, tz57) and fgf/ace mutants were a kind gift from U. Strähle,
d
F. Rosa, and C. Neumann.
m
Whole-Mount In Situ Hybridization B
Digoxigenin-labeled antisense probes for chick full-length Fgf3,
H
Fgf8, and Cath5 (Matter-Sadzinski et al., 2001) were used in whole-
t
mount in situ hybridization according to Bovolenta et al., 1998.
t
Briefly, hybridizations and posthybridization washes were carried
E
out at 65°C in 50% formamide buffer. The location of the hybridized
2
probes was revealed by alkaline phosphatase-coupled anti-digoxi-
b
genin Fab fragments (Boehringer Mannheim). Whole-mount hybrid-
f
ized embryos were photographed and then dehydrated, embedded
in Paraplast, and sectioned with a microtome (Leica) at 16 m or S
washed in PBS and processed for vibratome sectioning as de-
E
scribed (Del Bene et al., 2004). Sections were either mounted, cov-
t
erslipped, and photographed or rehydrated and processed for
b
immunohistochemistry (see below) in double-staining experiments.
t
In situ hybridization on zebrafish embryos was performed on
whole mount by using the following digoxigenin-labeled antisense SRNA probes: ath5 (Masai et al., 2000), pax2 (Krauss et al., 1991),
Qvax1 and vax2 (Take-uchi et al., 2003), shh (Krauss et al., 1993), and
eher9 (a generous gift from A. Pasini and D. Wilkinson). Fluorescent
fin situ and vibratome sections were prepared as described (Del
pBene et al., 2004).
d
Antibodies
Polyclonal antibodies directed against islet-1 (generated in guinea Spig and kindly provided by T. Jessell), phosphorylated histone-H3
S(PH-3; Upstate Biotechnology), and a polyclonal antiserum directed
cagainst OTX2 (Mallamaci et al., 1996) (a gift from G. Corte) were
cdiluted 1:5000, 1:1000, and 1:2000, respectively. Monoclonal anti-
bodies directed against phosphorylated β-tubulin (Tuj; MEDPASS),
dp-ERK (Sigma), and Zn-5 monoclonal antibody (University of Ore-
Agon) were used at 1:4000, 1:1000, and 1:500 dilutions, respectively.
WImmunohistochemistry
tChick embryo heads were immersion fixed in 4% p-formaldehyde
Min PBS overnight at 4°C. After washing in PBS, the tissue was equil-
tibrated in 30% sucrose in PBS, embedded in OCT compound, and
Wsectioned at 16 m by using a cryostat (Leica). Alternatively, em-
cbryos were dehydrated, embedded in Paraplast, and sectioned
nwith a microtome (Leica) at 16 m. Tissue sections were treated
hwith methanol containing 10% DMSO for 10 min, rinsed in PBS,
tand incubated for 1 hr with PBS containing 0.1% Tween (PBT) and
r10% FCS. Primary antibodies diluted in PBT containing 10% FCS
pwere added overnight at 4°C. After washing in PBT, sections were
0incubated with the appropriate biotin-conjugated secondary anti-
Mbodies for 1 hr at room temperature, followed by streptavidin con-
(jugation to either fluorophors (Alexa-Fluor488 and Alexa-Fluor568;
iMolecular Probes) or peroxidase (Jackson ImmunoResearch). After
final rinses, fluorescent sections were mounted with PBS/glycerol
Rand analyzed with a laser scanning confocal imaging system (TCS
R4D, Leica). Peroxidase-coupled samples were revealed by using
Athe NovaRed substrate kit (Vector Laboratories), dehydrated,
Pmounted, and analyzed with a Leica DMR microscope.
Immunohistochemistry on zebrafish cryosections was performed
as described (Shkumatava et al., 2004). R
BExplant Cultures
Dorsal neural retina explants were dissected from the eyes of E
ostage-17 embryos; embedded with heparin beads in a collagen ma-rix; and cultured for 24–48 hr in DMEM/F12 medium enriched with
2, as described (Martinez-Morales et al., 1997). Heparin acrylic
eads (Sigma Aldrich Chemie) were soaked in recombinant Fgf8
0.5 mg/ml in PBS; Sigma) or the Fgfr inhibitor SU5402 (10 M in
BS; Calbiochem) for 2 hr at room temperature and then rinsed in
BS before use. AG1-X2 anion exchange beads, 100–200 mesh
BioRad, Richmond, CA), were soaked in Fgfr inhibitor SU5402 (10
M in PBS; Calbiochem) by following the same procedure. Control
eads were soaked in the vehicle. After culture, collagen drops
ere fixed in 4% p-formaldehyde in PBS overnight at 4°C and pro-
essed for immunohistochemistry as indicated. islet-1 and phos-
hohistone-H3-positive nuclei were counted in a volume of 300 ×
50 × 50 m under all experimental conditions. To determine cell
eath, propidium iodide (2 ng/ml; Sigma) was added to the culture
edium for 10 min and then washed prior to fixation.
ead Implantations
eparin acrylic beads prepared as above were implanted through
he ocular space into the peripheral retina or in the mesenchymal
issue surrounding the eye of stage-12 to stage-13 chick embryos.
mbryos were returned to the incubator until they reached stage
0–22. Fgf8-soaked beads were implanted in oep zebrafish em-
ryos at 23 hpf as described (Herzog et al., 2004). Embryos were
ixed and analyzed at different stages as indicated in the text.
U5402 Treatment
mbryos were dechorionated and incubated in 16 M SU5402 con-
aining embryo medium (E3), prepared from a 3 mM SU5402 (Cal-
iochem, S72630) stock solution in DMSO from 23 hpf to 28 hpf or
o 32 hpf.
tatistical Analysis
uantitative data are expressed as mean ± SEM. Significant differ-
nces among groups were evaluated by One-Way ANOVA analysis,
ollowed by the Newman-Keuls Multiple Comparison Test to com-
are each individual group (GraphPad Prism); differences were in-
icated when relevant (see Figure S5 and Supplemental Data text).
upplemental Data
upplemental Data including a complete description of the statisti-
al analysis are available at http://www.developmentalcell.com/
gi/content/full/8/4/565/DC1/.
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